The Rochester Institute of Technology-Dupont dataset [Color Res. Appl. 16, 297-316 (1991)] has been used to analyze the uniformity of seven color metrics, developed after CIELUV and CIELAB, with methods similar to those previously applied to several other classical datasets [J. Opt. Soc. Am. A 9, 1247-1253 (1992)]. Significant performance improvements over CIELAB were found with several CIELAB-based metrics, mainly with the model recently proposed by Commission Internationale de L'Eclairage Technical Committee 1-29 [Color Res. Appl. 18, 137-139 (1993)]. Several significant differences found between some pairs of metrics became insignificant when we selected from the Rochester Institute of Technology-Dupont dataset pairs of samples with only chromaticity differences.
Introduction
The search for better correlation between visually perceived and instrumentally measured color differences can be considered to be one of the most important and unresolved problems in practical applications of colorimetry. It is desirable to have an available color space (with its associated metric or color-difference formula) where any pair of samples with a constantly perceived color difference is represented by a pair of points between which the measured color difference is also constant. Such a space, where, for example, all the color-discrimination thresholds are represented by spheres of equal radius, can be called uniform; unfortunately it is not yet available because of, among other things, our incomplete knowledge of color-vision mechanisms.
In 1976 the Commission Internationale de L'Eclairage (CIE), with the primary goal of promoting uniformity of practice between users, 1 2 recommended the use of CIELUV and CIELAB as approximately uniform color spaces. Since then CIELAB has been widely accepted in industry and research, as one can conclude from recent surveys in the U.S.A. and other countries. 3 4 Several authors 5 -7 have shown the lack of uniformity of CIELAB, but this point is not surprising if one bears in mind the CIE assertion that with CIELAB it may be necessary to use different weightings for the lightness, chroma, and hue differences in different practical applications (see Ref. 1, p. 33, note 9) . This basic idea of using CIELAB with appropriate weighting functions for each of its three color-difference components has led to several interesting CIELABbased models, 8 9 which have also been successfully applied in some textile industries in the last few years. More recently, a tentative recommendation of CIE Technical Committee 1-29 based on CIELAB has been proposed for study. 10 As is well known 1 color-difference perception depends also on the experimental conditions in which the visual task is developed (for example, the texture of the samples, illumination or luminance levels, and the color of the background). The influence of some of these conditions, often called parametric effects, was analyzed recently by CIE Technical Committee 1-28,12 and it seems clear that these conditions have strongly contributed to the wide spread of previous experimental results. Undoubtedly this spread, including inconsistencies between different experimental results, has been a major problem in the development of color metrics that give a well-correlated result for all color-perception experimental measurements.
This last point must be emphasized. To develop new, successful, and uniform metrics, accurate and wide datasets of visual color-difference evaluations are needed. 13 "1 4 The CIE has also suggested 5 estab-lishing a comprehensive set of data that describes the perceptibility of color differences and gives priority when necessary to the results obtained under the parametric factors that are most common in industrial practice. Along this line, among the several more recent and worthy experimental datasets reported,16-1 8 we refer to one known as the RIT-Dupont dataset' 9 2 0 [part of a joint research program of the Munsell Color Science Laboratory at the Rochester Institute of Technology and Dupont Automotive Products (see Ref. 20) ], which was accurately and specifically developed for fitting and testing the performance of new color metrics, starting from experimental conditions that are typical of commercial color decisions.
In this paper we contribute to the analysis of the performance of some of the most important color metrics proposed after CIELUV and CIELAB from the point of view of the uniformity of such metrics with respect to the RIT-Dupont dataset. In essence the analysis method employed here is analogous to that of some previous studies carried out from classical color-threshold experimental results 2 1 2 2 and is useful for checking some of our earlier conclusions. However, in this paper, by using the RIT-Dupont dataset, we can manage a greater number of color metrics and give special attention to the statistical significance of the differences found between the metrics, because revisions of the current CIE metrics (CIELUV and CIELAB) should reasonably occur only when a real improvement in performance is observed from accurate experimental datasets.
The statistical analysis for testing the significance of the differences between the different color metrics being studied has been made with nonparametric testing methods because of the abnormally distributed nature of the data. Thus we have applied two distribution-free procedures for the comparison of independent samples, namely, the U test of Mann and Whitney 2 3 for comparing two independent samples and the H test of Kruskal and Wallis 2 4 for comparing several independent samples.
Moreover, as we explain in Section 4, to analyze the homogeneity of the color metrics being studied, we applied the test proposed by Cochran 2 5 to check the equality/inequality of several variances.
A more detailed description of the parameters for measuring the uniformity of the color metrics, together with the set of nine color metrics employed by us and the use of the RIT-Dupont dataset, is in Section 2. Section 3 contains the results and the first preliminary conclusions. They are completed in Section 4 with detailed explanations of the application of the nonparametric statistical tests to the RIT-Dupont dataset. Finally, in Section 5 are the main conclusions of our research.
Procedure

2.A. Color Metrics
In this study we considered first, as an obvious reference, the currently recommended CIE metrics: CIELUV and CIELAB. 1 Next, we considered three color metrics based on CIELAB that showed subsequent improvements in this space and have been adopted with good results by several textile industries mainly in the UK. These color metrics are JPC79, 2 6 CMC(l:c), 8 and BFD(l:c). 9 In the last two metrics the parameters related to parametric factors are kept as 1 = c = 1 for this study.
The current interest in retaining the strong features and international acceptance of CIELAB has led CIE Technical Committee 1-29 to propose the following generalized color-difference equation 1 
The previous color metric with the weighting functions just indicated has been used in our current analysis and is denoted as TC1-29. The same metric but with slightly different weighting functions shown below has also been used here and is denoted TC1-29*:
These last weighting functions were those obtained when the TC1-29 final recommendation 1 0 was being optimized, 2 7 but only one of the experimental datasets employed was used, the RIT-Dupont dataset. Thus the final results in this paper with TC1-29* can be considered as a check of our methodology, because a good performance can be expected with this metric, although the methods presented in this paper and those used for optimizing the TC1-29 models 10 27 are different.
Finally, two more color metrics were added to this study 2 8 29 ; they are denoted cdf-G* and cdf-G**. These recently proposed color metrics are based on earlier results of MacAdam, 3 0 not CIELAB, and these metrics showed satisfactory results when they were applied to some classical color-threshold experimental datasets.
More detailed descriptions of the previous color metrics can be found in the original references given above and also in some recent reviews on colordifference metrics. 3 
2.B. Experimental Dataset
As we mentioned above, this study is based on the RIT-Dupont experimental results. 19 2 0 This dataset has unusually high precision and accuracy compared with most of the previous datasets (e.g., colorthreshold ellipsoids or ellipses). The experimental design, development of visual tasks, and data analysis of RIT-Dupont research can be considered optimal for subsequent development and/or testing of successful color metrics in the field of industrial colorimetry.
In the RIT-Dupont research 19 color positions were analyzed; the gamut of real surface colors with appropriate variations in the color space along several vector directions was sampled for each center. The final results were published in Table IV We numbered the 19 color centers in the same order as appeared in the original Table IV . 20 To apply the cdf-G* and cdf-G** groups of formulas, it is necessary to assign each center to a given region. We used Fig. 1 in Ref. 29 for this, although in a few cases (centers 1, 4, 11, and 14), for pairs placed in the boundaries of two regions, some doubt arose about the appropriate assignment. In these cases we did the assignment by trial and error, looking at the best performance of these metrics from the point of view of our next analysis of uniformity. The final assignments, names, and numbers of each of the 19 color centers are given in Table 1 , where the five color centers recommended by the CIE for study 15 are identified. Figure 1 shows the approximate locations in the a*, b* CIELAB diagram of these color 20 , p. 306, by using a tolerance of 50% rejection probability or median tolerance designed as T 50 . For each tolerance the 95% upper fiducial limit (UFL) and lower fiducial limit (LFL) are also available for 152 of the 156 tolerances reported. As suggested, 2 0 a weight could be calculated and assigned to each tolerance, indicating different precisions in the estimation of that tolerance. For the next calculations these weighting factors are of the following form:
However, the most significant thing that must be kept in mind for our next analysis is that all these pairs have visual tolerances perceptually equivalent to a unique near-gray anchor pair of 1.02 CIELAB color-difference units. That is, these pairs have an identical visual color difference AV.
We start our calculations for analyzing the uniformity with the 152 tolerances where UFL and LFL are known by computing the a*, b, L* coordinates for the 152 x 2 = 304 pairs of samples. The corresponding color differences for these 304 pairs, with each of the nine color metrics mentioned above, are used to evaluate the uniformity of the metrics, as described below.
2.C. Parameters of Uniformity
For each color metric the weighted arithmetic mean AE of the color-difference pairs, in each of the 19 color centers, together with its corresponding coefficient of variation u% (the ratio of the standard deviation to the mean, given in percentages) has been computed. The weights for these computations were indicated in Eq. (4). It seems to be convenient to use a weighted mean AE instead of the simple arithmetric mean because of the different precisions when estimating each tolerance in the RIT-Dupont database.
From the AE and a% values in the color centers the following two parameters were calculated for each color metric: (a) Parameter S1%, the standard deviation of the 19 values of AE (normalized to their average, denoted as (E)); (b) parameter S2%, the average of the u% values of the 19 centers.
The physical meaning of parameters S1% and S2% can be easily understood. Because all the sample pairs considered here have a perceptually identical color difference (AV = constant), for an ideal color metric the parameter a % should be zero for each color center and consequently the parameter S2% should also be zero. On the other hand, parameter S1% indicates the potential differences between several regions of the color space and should also approach zero for an ideal metric. Finally parameter (E) could be useful in ascertaining the relative sizes of the color-difference units in our metrics. In summary, parameter S2% could be seen as a measure of the isotropy and S1% as a measure of the homogeneity of the color metrics, both characterizing uniformity. From a practical point of view parameter S2% is more interesting than S1% for checking the performance of the color metrics, because comparisons between two different regions of the color space are not as common as comparisons around a given color center. Note that the smaller values obtained for S2% with a color metric correspond to a better isotropy of this metric and consequently to a better correlation with the visually perceived color difference in a given region.
In previous studies 21 22 we used the same parameters defined above to check the uniformity of some color metrics, although with different experimental datasets. Other parameters similar to those referred to above have also been proposed by other authors.32,33
Results and Discussion
Our analysis concerning the uniformity of several color metrics, through the parameters indicated above, was first carried out for all 304 color-difference pairs available from the RIT-Dupont dataset.1 9 , 20 The second step was to repeat the same calculations but now use only some of these pairs, the 120 pairs for which there were only chromaticity differences (pairs obtained from the vectors designed by B, C, D, E in Table IV of Ref. 20) .
The main reasons for these new calculations were to check for possible improvement in each color metric and in particular improvements in the cdf-G* and cdf-G** metrics. These two metrics were obtained 2 8 29 from the metric coefficients proposed by MacAdam in a chromaticity diagram. 3 0 We expect that they will be properly applied to calculating only chromaticity differences.
The values computed for parameters AE and u%, by use of all 304 color-difference pairs, are shown in Table 2 , for each of the nine color metrics and each of the 19 centers. The results in Table 2 are summarized in Table 3 , showing the values of parameters (AE), S%, and S2%, for each color metric. For brevity the equivalent to Table 2 when only 120 pairs with a chromaticity difference were used has not been given; however, in Table 4 the summarized results are shown analogously as in Table 3 .
Although Table 2 can be considered cumbersome, we should obtain some useful information from it that is not available from Table 3 Tables 2 and 3 because for simplicity Table 2 shows rounded values of AE and u%, whereas the values in Table 3 are those obtained from all the significant figures. An initial inspection of the values of parameters S2% and S1% in Tables 3 and 4 shows clear improvement in several metrics, e.g., CMC, BFD, or TC1-29, with respect to the CIE-recommended metrics (CIE-LUV and CIELAB). Although this point is analyzed thoroughly below, from the point of view of the statistical significance, we note that this improvement is an important result that is in agreement with that of some other researchers. 9 3 4 Looking at S2% as the main parameter to be considered, we receive the best results for the whole RIT-Dupont dataset from TC1-29* followed by TC1-29 (see Table 3 ). As we mentioned in Subsection 2.B, the good performance of TC1-29* was in part expected because of the origin of this color metric. At this point we have checked whether the values for the constants in Eqs. (2) and (3) for Sc and SH also optimized the results for our parameters S1% and S2%. As an example, Fig. 2 shows for S2% that the parameters selected for TC1-29* are also accurately optimized for our analysis of the uniformity.
When the chromaticity differences are analyzed (Table 4) , the smallest value of S2% is obtained by BFD, followed by cdf-G**, cdf-G*, and TC1-29 in this order. Note, however, that it seems that the BFD formula strongly improves the remaining metrics for the centers in the blue region, as was looked for specifically in the derivation of such a metric. 9 Thus, if the blue centers, 1 and 17, are eliminated, the value of S2% given by BFD increases, while it decreases for all the remaining metrics, both in Tables 3  and 4 . (For example, without these two centers the TC1-29 metric improves BFD, by a smaller S2% value, for chromaticity differences.)
In Table 4 the values of parameter S2% are smaller than in Table 3 for most metrics. The improvement is highly significant for cdf-G* and cdf-G** for the reasons given at the beginning of this section.
Several additional and interesting comments should be made from Tables 2-4 . Note, for example, that in Tables 3 and 4 , for both S1% and S2%, the CMC metric always improves CIELAB and TC1-29 always improves CMC. However, we think that an interesting question would arise when these improvements are significant. Our main goal in Section 4 is the analysis of the significance of the differences between the metrics from a statistical point of view.
Significance of the Differences between the Metrics
To determine when the main parameter S2%, obtained for each color metric, has significantly different values, we applied some nonparametric tests (also called rank tests or free-distribution procedures) with good asymptotic efficiency. 3 5 This type of analysis was preferred because only weak assumptions about the underlying distributions, which are essentially unknown in the present case, are necessary.
First, we tested the hypothesis of homogeneity or the equivalence of a few selected sets of four metrics by the H test, 2 3 starting from the values of a% given in Table 2 . The results are in Table 5 . At a 95% confidence level, if the value of the statistic calculated H is greater than 7.815, the hypothesis of equivalence between the metrics must be rejected. In our case, even at a 99.5% confidence level all four sets of metrics indicated in Table 5 could be considered as nonequivalent, which confirms that some of the new metrics developed after CIELUV and CIELAB could give a significant improvement.
For a better analysis of the results from the H test, we compared by pairs all nine of our metrics. For this purpose we applied the U test, 2 4 starting with Table 2 (derived from the entire RIT-Dupont dataset), and the results are in the upper right half of Table 6 . The results in the lower left half of Table 6 in bold numbers show the values obtained when the U test is applied to all possible pairs of metrics, but now with a part of the RIT-Dupont dataset: the 120 pairs with only chromaticity differences (from a table, analogous  to Table 2, from which Table 4 was derived).
The values in Table 6 must be compared with the critical values tabulated for this test at several confidence levels. For example, at a confidence level of 95% this critical value is 123 and at a 90% confidence level it is 135. If the value in Table 6 is greater than the critical value, the two metrics being studied cannot be considered as significantly different at this level and the hypothesis of homogeneity of these metrics can be accepted. One could draw an interesting conclusion from Table 6 by noting that the values in the upper right half are in general smaller than those in the lower left half; that is, most of the metrics are not significantly different when only chromaticity differences are analyzed, but they are significantly different when they are applied to the entire dataset. This is the case, for example, of the CIELUV/CIELAB pair, at a 95% confidence level and also of the CMC/TC1-29 pair at just a 90% confidence level.
This fact does not necessarily imply that the more frequently observed significant pairwise comparisons for the color-difference data are due to differences in the lightness sensitivity of the metrics alone. We must remember that the structure of the RITDupont dataset is such that when a subset of chromaticity-only differences is selected, the remaining differences are not lightness-only differences. Moreover we can also observe from Table 6 that, for example, by comparison CIELAB/TC1-29 has U values that are very different (76 and 130) for color and chromaticity differences, but we know that both metrics have the same lightness sensitivity. This is not a contradiction; actually when considering the whole dataset, we see that the mutual influence of chromaticity/ lightness causes a significant difference between the two color metrics CIELAB and TC1-29.
In conclusion, we cannot consider the differences in Table 6 between the color differences and chromaticity-only differences to be a result of the inclusion/ exclusion of lightness differences alone, although we should emphasize that a good balanced sampling of lightness and chromaticity differences is needed, as the RIT-Dupont database has, for significant testing of the color-metrics performance.
From Table 6 we can also see, among other things, that for the whole dataset (the upper right half), the differences among CMC/BFD, TC1-29/TC1-29*, and cdf-G*/cdf-G** are not significant. Also, the CIELAB/CMC difference is not significant at a 95% confidence level whereas the CIELAB/TC1-29 difference is highly significant. The CMC/TC1-29 pair appears to be just as significantly different at the 90% confidence level.
For chromaticity differences (Table 6 , lower left half) the best results obtained by BFD are not significantly different from those obtained by either cdf-G* or TC1-29 at a 95% confidence level.
With Cochran's test 2 5 we check the equality of several variances in two conditions: with equalsized groups and variance of one group is substantially larger than that of the others. We applied Cochran's test to the study of the homogeneity of the nine color metrics measured by parameter S1%.
With the values of S1% from both Tables 3 and 4 , we used Cochran's test to compute the ratio between the maximum variance and the sum of all variances. This ratio is compared with the tabulated value for the statistic. With Cochran's test, values are obtained for color differences and chromaticity differences of 0.49 and 0.42, respectively. In our case, at a 99% confidence level, the critical value is 0.25, and then we conclude that in both cases there is no equality of variances, so there is not the same degree of homogeneity in the various color metrics being studied.
Conclusions
An accurate color-difference tolerance dataset 1 9 20 has been used for testing the uniformity of several color metrics proposed recently. To obtain a measure of the homogeneity and isotropy of each color metric, two appropriate parameters previously proposed 1 were employed.
Among the metrics considered, several CIELABbased models showed significant improvements with respect to CIELAB and/or CIELUV, according to the H tests carried out. The best results from the point of view of isotropy came from the TC1-29 metric. 10 Good results were also found for CMC(1: 1) and BFD(1:1), which were also significantly better than CIELAB, at a 90% confidence level, with the U tests applied. The differences between CIELAB and CIE-LUV, and also between TC1-29 and CMC(1:1), were significant from U tests at a 90% confidence level with a superior performance from the former in both cases. The improvements obtained with BFD(1:1) are particularly evident for the centers in the blue region. All these results are considered in general to be in good agreement with those we reported previously 2 l 22 when analyzing several threshold color differences.
When the same previous analysis was repeated by using only the pairs with a chromaticity difference in the RIT-Dupont dataset, several of the differences found previously between the metrics became insignificant. This result should be connected with previous studies in which differences between several metrics were not found to be significant, 6 3 6 and it should be kept in mind in future developments of useful experimental datasets.
Although the RIT-Dupont dataset can be considered accurate and important, it is desirable to confirm these good results achieved by the TC1-29 model with other datasets. Moreover from our point of view other research on a connection between either these metrics or other CIELAB-based metrics and advances in the knowledge of color-vision mechanisms should also be interesting.
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